We propose an integral floating display using two retro-reflector arrays. The proposed method is composed of an integral imaging display, a half mirror, and two retroreflector arrays. In this paper, the depth-resolution limit and the small complete viewing range for real image in conventional integral imaging are theoretically analyzed, and can be improved much in the proposed method. The floating 3-D image looks of high-quality with smooth surface without the influence of the lens array structure. Experiments are performed to verify the method.
Introduction
Integral imaging (InIm) is a promising technique for achieving glasses-free 3-D display which has a long history [1] . A pinhole array or a lens array is used to record and reconstruct light rays of different directions in space. It has many advantages such as reconstructing 3-D images with fullparallax and a quasi-continuous viewing points. In addition, it can induce observer accommodation cues and provide smooth motion parallax. Due to the great development of high resolution display and detector, InIm revived in the past decades and the existing problems such as low resolution, narrow viewing angle and limited depth range have been effectively improved in a variety of research [2] - [7] .
Integral floating display is a 3-D display system which combines integral imaging and floating display [8] - [10] . The previous integral floating display methods used a large convex lens to produce a 3-D image with great feel of depth by forming a real image of the 3-D image integrated by the InIm technique. However, this kind of integral floating display suffers from problems such as narrow viewing window [8] , imaging aberration of large-diameter floating lens, and deformed shape of floating image [10] .
Floating image can also be generated by an afocal lens array, a roof mirror grid array or a retroreflector array (RRA) [11] , [12] . The scheme producing floated images based on a RRA is easy to implement. It consists of image sources, a half mirror and a RRA. The corner cube array is an example of RRA. A corner cube consists of three mirror planes orthogonalized mutually and reverses the direction of incoming light. The RRA consists of a large number of retro-reflectors arranged on a 2-D surface, the size of which is very small. T. Iwane proposed to combine retroreflection material and light-field display to generate aerial 3-D image [13] , [14] . The structure of the light-field display is the reverse of that of a light-field camera [15] . The 3-D scene acquired by a light-field camera will be reconstructed nearby the lens array in light-field display and is not conjugated with display device. Choi proposed to use retro-reflector film to enhance the visibility of pinhole-type integral imaging [16] .
We propose an integral floating 3-D display using two RRAs to eliminate the depth-resolution limit and enlarge the complete viewing range for real image in InIm. Compared to integral floating display using a floating lens, the proposed method doesn't have the problems of viewing window, imaging aberration of large-diameter floating lens and deformed shape of floating image.
Principle
Schematic diagram of proposed integral floating display is shown in Fig. 1 . It is composed of an integral imaging system, a half mirror and 2 RRAs which are corner cube arrays. The integral imaging system consisting of a display panel and a lens array produces the 3-D image. The 3-D image consists of many integrated voxels. Each voxel can be thought as an image source and emits light. Half of the light emitted from the voxel is reflected by the half mirror and the other half transmits through the half mirror. The reflected light is retro-reflected by the RRA and further transmits through the half mirror to form a floated voxel. The transmitted light is retro-reflected by the RRA and further reflected by the half mirror to form the same floated voxel. Two RRAs are used instead of one to improve the optical efficiency. Therefore, a floated 3-D image is reproduced in mid-air. Since many people expects 3-D image reconstructed in space not on screen, this method is more attractive than conventional InIm because viewers dont feel the presence of screen. In addition, the depth-resolution limit and small complete viewing range for real image in conventional InIm can be improved.
Depth-Resolution Limit
As is well-known, there are two kinds of projection types according to the gap between the display panel and the lens array, called resolution-priority InIm (RPInIm) and depth-priority InIm (DPInIm) [17] . RPInIm has high resolution and low depth range, while DPInIm has low resolution and high depth range. Since resolution is the most important factor related to viewers' assessment of a 3-D display technique, RPInIm is more practical and attractive.
In the RPInIm, there exists a privileged plane in the reconstruction space which is focused on by viewer's eyes, the so-called image reference plane (IRP), which is conjugated with the display panel. As shown in Fig. 2(a) , the resolution R at IRP in conventional RPInIm is
where g denotes distance between display panel and lens array, and S denotes the display pixel size, and D denotes distance between lens array and IRP. The IRP is the plane at which 3-D images locate, and therefore, D is the 3-D image depth. As shown in (1), resolution R is inversely proportional to depth D, that is, resolution decreases as depth increases. To get high viewing resolution, the 3-D image depth should be decreased, which means the integrated 3-D images locate near the screen (lens array), giving the viewer few feeling of depth. But in 3-D display, image depth is also an important factor since a large depth produces impressive feelings, and makes viewers' eyes' focus plane far away from the screen. And the viewers will not feel the presence of screen and will feel that the 3-D image is floating in mid-air. The depth-resolution limit relation can be removed in Fig. 2(b) . In the scheme, the image depth is converted from D to D , which is the distance between floated 3-D image and RRA. The image depth D can be increased by moving the InIm system far away, without decreasing resolution.
Complete Viewing Range for Real Image
In RPInIm, there exist two display mode: real mode and virtual mode. In real mode, real images are generated in front of the screen, with g 1 larger than the focal length of lens array. In virtual mode, virtual images are generated behind the screen, with g 2 smaller than the focal length of lens array. The viewing angle without crosstalk is given by
where d is the elemental lens pitch. Since g 1 is larger than g 2 , real mode has narrower viewing angle than virtual mode. On the contrary, according to (1), real mode has higher resolution than virtual mode, so there is a trade-off here. Next, we assume g 1 equal to g 2 to discuss the viewing region in real mode and virtual mode. Equation (2) gives the expression of viewing angle without considering the image width and depth. In actual, image width and depth influence the size of viewing range. As shown in Fig. 3 , the 3-D image is represented by the blue cuboid for simplicity. Assuming g 1 = g 2 =g, the red-colored sections show the viewing region given by (2) , and the blue-colored sections show the actual viewing region considering the image width W and depth D. The image width is the lateral size of 3-D images and is represented by the length of the blue cuboid. Viewers inside the red-colored sections don't see crosstalk, but only inside the blue-colored sections can viewers see the whole 3-D image without loss. At a given viewing distance L, the red two-way arrow in Fig. 3 indicates the viewing range in which viewers can see the whole 3-D image without loss. So we refer to it as complete viewing range (CVR).
As shown in Fig. 3 , virtual mode has much larger CVR than real mode. The size of CVR A 1 in real mode is given by
where N is the number of the elemental lenses and L is the viewing distance. The size of CVR A 2 in virtual mode is given by Fig. 4 confirms that virtual mode has much larger CVR than real mode. And it can be seen that the different sizes of CVR in real and virtual mode come from the different relative positions between the 3-D image and the lens array. To show the influences of the small CVR in real mode InIm, computational InIm reconstruction using MATLAB has been done. The elemental image array of a cartoon model is generated using the 3-DS MAX modeling software. The smart pseudoscopic-to-orthoscopic conversion algorithm [18] is used to set the image depth to be 60 mm and − 60 mm in real mode and virtual mode respectively. The gaps between elemental image array and lens array in real mode and virtual mode are set equal to be 7 mm. The lens array consists of 20 × 20 elemental lenses with pitch of 2.5 mm. Visualization simulation results are shot by a virtual camera at L = 400 mm and are shown in Fig. 5 . The 3-D image in real mode looks larger than that in virtual mode because of smaller distance to the virtual camera. Due to the limit of the small CVR, the 3-D image can't be viewed completely in real mode compared with virtual mode. In addition, as the virtual camera moves laterally, serious information loss appears, which is not apparent in virtual mode. Since the real image is generated in front of the screen, viewers can touch it in the space and vivid interaction can be realized, which makes real mode InIm more preferred than virtual mode InIm. But the CVR for real image is much smaller than that for virtual image, which is a shortcoming need to overcome. The proposed method can increase the CVR for real image to be equal to that for virtual image in conventional InIm by reversing the relative position between 3-D images and lens array.
As shown in Fig. 1 , the original 3-D image and the floated 3-D image are image symmetrical to the half mirror. A virtual lens array and a virtual display panel can be thought to exist in front of the floated 3-D image, which is very similar to the case of virtual mode InIm shown in Fig. 3(b) . So the small CVR for real image is converted to be equal to that for virtual image in conventional InIm. The conversion of the CVR size comes from the reversal of the relative position between the floated 3-D image and the virtual lens array. Therefore, a real 3-D image with enlarged CVR is generated.
Experiment
Optical visualization experiments are performed to verify the feasibility. The experimental setup of the proposed floating InIm is shown in Fig. 6 . It consists of a display panel, a lens array, a half mirror and two RRAs. The conventional InIm consisting of a display panel and a lens array generates a real 3-D image in front of the screen with a small CVR. Then a mirror-like floated 3-D image is reproduced in the front of the device through the half mirror and the two RRAs. Fig. 7 (a) and (b) show the observed results in real mode and virtual mode respectively, which are the same as Fig. 5(a) and (b) . Fig. 7(c) shows the result of the proposed floating InIm, verifying that the proposed method converts the small CVR for real image to be equal to that for virtual image in conventional InIm. The brightness in the proposed method is low because only half of light is utilized by the half mirror. But the problem can be solved by a reflective polarizer and a quarter wavelength plate [13] , [14] . The lens array structure which is very apparent in Fig. 7(a) and (b) is not found in Fig. 7(c) , because in conventional InIm, the 3-D images are viewed directly through the lens array in daylight, and the lens array reflects light to viewers eyes, which influence the 3-D images as grid structure, but in the proposed system, the lens array is mounted inside it, reflecting little light. Viewers see the reproduced 3-D images through the half mirror and the retro-reflector arrays, and the lens array can hardly be noticed. Therefore, the 3-D image looks highquality with smooth surface, and the 3-D image looks like floating in the air but not generated by a screen. 
Conclusion
An integral floating display using two retro-reflector arrays is proposed. The proposed method is composed of an integral imaging display, a half mirror and two retro-reflector arrays. In the proposed method, the depth-resolution limit in conventional InIm is eliminated and the complete viewing range for real image is enlarged much. The floating 3-D image looks high-quality with smooth surface without the influence of the lens array structure. Simulations and experiments are performed to verify the method.
